Thermal comfort is one of the very important factors in enhancing the human quality of life, including students who spend a lot of times learning in schools. This article was intended to analyze the students' adaptive thermal comfort in naturally ventilated classrooms of the elementary schools in the tropical city of Makassar. The study analyzed data gathered from 33 surveyed classrooms in six primary schools. The recorded data consisted of the personal and adaptive behavior of 1,111 students, and the thermal environments of the classrooms. At the same time, students filled out the questionnaires asking their thermal sensation, comfort level, and thermal preferences against the classrooms' thermal environments. The results of measurements showed that the indoor mean air temperature, air humidity, and air velocity were 30.4 °C, 68%, and 0.1 m/s, respectively. They indicated that the classrooms had the hot temperature, high humidity, and low air velocity. The calculated PMV based on these parameters showed that about 90% of students felt either warm (+2) or hot (+3). The PMV overestimated the actual students' thermal comfort where more than 85% of students voted slightly cool (-1), neutral (0), and slightly warm (+1). In addition, the neutral temperature predicted by PMV was 25.5 °C. This neutral temperature was very low in comparison to 30.2 °C calculated by using thermal sensation vote (TSV). These suggested that students of elementary schools in the tropic were tolerant to the hot environment. The use of the adaptive models to calculate the neutral temperature of students presented similar results gathered from actual votes. Therefore, the adaptive model became the best method to explain the thermal comfort of students in the elementary schools in the tropics.
Introduction
Thermal comfort is an important factor in increasing the human quality of life, including students who spend a lot of times learning in schools. In 1968, Pepler and Warner discovered a positive effect of the classrooms' thermal quality on students' performances [1] . Mendell and Heath [2] carried out an extensive literature review and found that a good correlation between indoors' school environments, which include thermal comfort and the students' performance, and attendance records. It is necessary to provide a healthy and comfortable environment in schools to enhance students' productivity and well-being [3] .
A number of articles have analyzed and discussed the students' thermal comfort in the classrooms in countries worldwide, which have different climate types. For examples, the analysis of students' ICSADU 2019 IOP Conf. Series: Earth and Environmental Science 402 (2020) 012021 IOP Publishing doi:10.1088/1755-1315/402/1/012021 2 thermal comfort in classrooms in the temperate climate was carried out in United Kingdom (UK) [4] [5] [6] . Several studies have also been conducted in the Mediterranean climate, such as in Italy [7] [8] [9] , in the subtropical climate in, Japan [10, 11] , Taiwan [12] , and Australia [13] . In the tropical area, a number of thermal comfort studies have also been carried out. The studies included in Malaysia [10] , Singapore [14] , Indonesia [15] [16] [17] [18] [19] and Hawaii [20] . Most of these thermal comfort studies were established on the heat balance models using the predicted mean vote (PMV) model. In 1970 Fanger [21] developed the PMV model, which later on was adopted by ASHRAE to become ASHRAE 55 standard [22] . The PMV model is calculated using six variables, i.e. air temperature, relative humidity, mean radiant temperature (MRT), air velocity, index of clothing, and the metabolic rate of respondents' activity. A number of studies found that the PMV model mostly overestimated the respondents' actual vote in the naturally ventilated classrooms in the hot regions, such as in Singapore [14] and Indonesia [16] [17] [18] . Wong and Khoo [14] found the neutral temperature in the secondary school in Singapore predicted by PMV was 26.1 °C. It was 2.7 °C lower than the neutral temperature calculated from students' actual vote using the thermal sensation vote (TSV). Several studies done by Hamzah et al. [16] [17] [18] also found the neutral temperatures predicted by PMV were lower than the students' actual vote using TSV. For example, Hamzah et al. [16] found the neutral temperatures of students were 23.0 °C (PMV) and 29.0 °C (TSV) for secondary schools in Makassar, Indonesia. A big discrepancy of 6 °C was found in this study [16] , which led to the doubt of using PMV in predicting thermal comfort in the tropics. Another thermal comfort model is an adaptive thermal comfort model. The model is especially established for predicting the thermal comfort in naturally ventilated buildings located in the hot environment. Based on the worldwide thermal comfort data collected from 1935 to 1975, Humphreys [23] proposed a linier regression between neutral temperature (T n ) and mean outdoor temperature (T out ) as follows:
The equation has subsequently been revised to increase the precision of the relationship as follows [24] :
Auliciems [25] attempted to reanalyze Humphreys' data [23] by eliminating some conflicting data, integrating of more recent field studies results, and uniting data from buildings with passive and active climate control. Auliciems proposed the relationship between neutral temperature (T n ) with average indoor air temperature (T a ) and outdoor monthly temperature (T out ):
According to Roaf et al. [26] , there are three categories of thermal comfort adaptation i.e. physiological, behavioral, and psychological. Among these three adaptation categories, behavioral adaptation is definitely the most common way to do for the people in adjusting their thermal comfort [26] . The behavior adaptations include changing the activity and the clothing levels, closing or opening the windows, switching the fans, switching the air conditionings, etc.
Most of state-owned schools in Makassar or even in Indonesia were planned and constructed as prototype buildings. Usually, no consideration is paid to the condition of local climate and environment. The schools have been built to the same models regardless of the thermal sensation and preference of occupants. During daytime, the classrooms experience hot thermal environment. The temperature mostly varied from 28 °C in the morning to 33 °C in the afternoon [18] . These temperatures are laid outside the comfort zone of ASHRAE [22] or local standards [27] . However, most studies in Makassar show that despite the hot temperature, still more than 80% of students voted in the comfortable region and more than 80% students accepted the hot thermal environment. To explain this phenomenon, a further analysis based on adaptive thermal comfort model in the elementary schools is necessary to be undertaken. 
Methods

Data collection
The study was carried out at the 33 classrooms in the six chosen primary schools in different locations in Makassar tropical city. The data collection was carried out in two protocols as follows:
x The objective measurement survey was carried out to collect the thermal environment and the personal data. Several instruments have been used for the measurement and collection of indoor environmental data. The main instrument used in the study was the Thermal Comfort Multi Logger (LSI TC) from LSI-Lastem, Italy. The LSI TC consists of three sensors collected and recorded in one data logger. The three sensors include a portable psychometric forced ventilation probe (BSU102), which was used to collect air temperature and relative humidity. The second sensor is a globe thermometric probe (BST131), which was used to collect the globe temperature. The third sensor is a wet bulb temperature probe (BSU121) for collecting wet bulb temperature. In addition to the LSI TC, Hobo Loggers recorded the measurements of thermal environments inside the classrooms. They were developed and manufactured by Onset in the United States (US). Two types of Hobo loggers were used in the study, namely a standard Hobo, which only measured and recorded the air temperature and relative humidity, and the Hobo logger with external sensor. Four standard Hobo and two Hobo with external sensors were used in the surveys. The external sensors attached in the Hobo loggers were used to measure the air velocity inside the classrooms. The equipment was placed in the six points in the classrooms, with the sensors attached in the pole at about 1 m above the floor level [14] . Because of the number of instruments were limited, two environmental parameters could not be measured at the six points. The MRT was only measured and recorded at point A, and the air velocity at points A and B. The position of instruments in the classrooms was similar that shown in Hamzah et al. [18] . The students' clothing data were written in details in the questionnaires, and the students' activities were recorded by the surveyors.
x The subjective measurement survey was carried out to collect the students' responses level. This was collected by questionnaire method. The questionnaire was developed and modified based on the questionnaire used by Wong and Khoo [14] . This modified questionnaire has also been used in the naturally ventilated classrooms in Makassar [16] [17] [18] [19] . The questionnaire has been adapted to include seven questions. Among the seven questions, four questions correlated with the thermal aspects that are thermal sensation, comfort level, preference, and thermal acceptance. The following two questions asked about the students' votes on the air velocity. The last question intended to obtain the students' votes on the humidity. This questionnaire asked the TSV of respondents in seven scales, namely: cold (-3), cool (-2), slightly cool (-1), neutral (0), slightly warm (+1), warm (+2), and hot (+3). The TCV also in seven scales: much too cool (-3), too cool (-2), comfortable cool (-1), comfortable (0), comfortable warm (+1), too warm (+2), and much too warm (+3).
Data analysis and processing
Data were processed and analyzed by using spreadsheet software and a statistical package. The MS Excel spreadsheet was used to calculate the mean, minimum, and maximum values of environmental data and to generate graph illustrating the proportion of PMV, TSV, and TCV. The availability of two personal variables for each respondent and four environmental variables was required for calculating the PMV of each student. The calculation of PMV was completed using MS Excel spreadsheet template developed by Farina [28] . The PMV calculator was developed based on the ASHRAE standard 55 [22] . Statistical analysis of SPSS (statistical package for social science) software has been used to show the scatterplots of respondents' actual votes (TSV and TCV) and the PMV against the operative temperature (T o ). The linier regressions of the three pairs were also calculated using the SPSS software. The validity of linier regression equations was evaluated by the two criteria. Firstly, the test of linearity of regression to make sure that the regression was linier, and second was the test of 
Research Sample
The surveys and measurements were carried out in six selected elementary schools in Makassar, which represented six sub-districts in the city. The elementary school in Indonesia is known as Sekolah Dasar (SD). The selected schools are situated in the dense area in the city center to less dense area in the suburban. The first surveyed school was SD Inpres Nipa-nipa. The selected school is situated in a suburban area, which is far away from the settlements concentration. The second surveyed was in SD Negeri Sudirman 1. This school is located in opposite of the town square in the city center. The school shares its location with three other elementary schools. In the third day, the survey was carried out in the SD Inpres Tamalanrea 4. The school was located in the dense area of residential complex of Bumi Tamalanrea Permai (BTP), which borders with the road environments. The fourth day of the survey was carried out in the SD Inpres Daya. The school is located in the local commercial area. It is adjacent to arterial roads about 13 Km away from the city center. The fifth school to be surveyed was SD Inpres Hartaco Indah. The school is located in the medium density of residential area. The last survey was carried out in the SD Unggulan Toddopuli. The school is situated in the medium density of residential and commercial regions. The characteristics of the samples are illustrated in Table 1 . 
Results and Discussion
Outdoor and indoor microclimate conditions
The outdoor microclimate condition was recorded in the Vaisala Station located at the rooftop of Department of Architecture Building, Faculty of Engineering, Gowa Campus. The monthly average outdoor temperatures were 30.2 °C and 30.6 °C for April and May 2016, respectively.
The indoor microclimatic conditions recorded during the measurements can be seen in Table 2 . The table shows that the average air temperature was 31.4 °C with minimum and maximum temperature were 28.3 °C and 34.3 °C, respectively. The air temperature condition showed the excessive heat in the classrooms. This average air temperature was higher than the temperature specified in the national standard SNI [27] and international ASHRAE standard [22] . The average of air humidity of 68% was within the comfort zone of SNI [26] . 
Students response to the thermal environment based on the thermal balance
This sub-section presents the results that have been explained in Hamzah et al. [18] and were presented in the 51 st International Conference on Architectural Science Association (ANZAScA) in Victoria University of Wellington, New Zealand in December 2017. Figure 1 demonstrates the response of students to the air temperature in the classrooms. In terms of TSV scale, the majority of respondents (more than 85%) voted the center points (-1, 0 and +1). In details, less than 30% respondents voted the neutral (0) point, about 12% voted the hot regions (+2 and +3), and 2% voted the cold regions (-2 and -3). In the Bedford scale, more than 87% of respondents voted the central region (-1 to +1), about 10% in hot regions (+2 and +3), and only about 2% in the cold regions (-2 and -3). Interestingly, about 50% of respondents felt comfortable (0) in comparison to less than 30% voted neutral (0) in TSV scale. Figure 1 . The percentage of thermal sensation votes, thermal comfort vote, and the predicted mean vote of elementary school students (source: [18] )
As expected, the percentage of predicted vote was very different from the TSV and TCV. In the predicted model, almost 90% of students were predicted to have votes in the hot regions (+2 and +3), and only 10% respondents were predicted in the central line vote (-1 to +1). The figure suggested that the percentage of votes by PMV model overestimated the respondents' actual votes. In the PMV model, only small number of students would be predicted to feel slightly warm (+1), and no students to be predicted neutral (0), while in the TSV and TCV, there were almost 30% and 50% of students felt neutral and comfortable, respectively. Those results were in line with several studies conducted in Makassar [16, 17] and Singapore [14] . This indicates that PMV model may not be suitable for estimating the students' thermal comfort in the naturally ventilated classrooms in the tropical area. Figure 2 demonstrates the scatterplots and the linier regressions of the operative temperature (T o ) against the predicted PMV, TSV, and the TCV. The operative temperatures ranged from 28.5 °C to 34.0 °C the neutral temperature (T n ) obtained from PMV model was 25.5 °C (T o ). This predicted T n was lower than that one resulted from actual votes (TSV or TCV). The neutral temperature (T n ) was obtained from the relationship between actual votes (TSV and TCV) and the operative temperature (T o ) were 30.2 °C (T o ) and 29.4 °C (T o ) for TSV and TCV, respectively. The neutral temperature was calculated based on the TSV was very similar to the study conducted in Makassar [16, 17] and Singapore [14] . The neutral temperatures obtained from Makassar studies were 29.0 o C and 29.6 °C, respectively for secondary school [16] and university students [17] . While the Singapore study found the neutral temperature of 28.8 °C for secondary school students [14] . 
Adaptive thermal comfort
The neutral temperatures (T n ) of each school were calculated using the Humphrey's model (eq. 2) and Auliciems model (eq. 3). The results of calculations are shown in Table 3 . As seen in Table 3 , the Humphreys model only produced two neutral temperatures for the six schools, while the Auliciems model produced more varied neutral temperatures. The reason for this is that because Humphreys only uses the outdoor temperature, while Auliciems uses the indoor and outdoor temperature. The Humphreys model gives very close to the neutral temperature calculated from actual votes. In average, Humphreys produced neutral temperature of 29.4 °C, which was close to 30.2 °C resulted from actual votes. The neutral temperature predicted by Auliciems was almost 1 °C below the Humphreys. This might be due to the Auliciems model also included the data gathered from buildings with active thermal control. 
Adaptive behavior of students
The surveys discovered that most of students used handheld fans to adjust their thermal comfort. When they felt hot, they mostly used their books for this purpose. Very little students used the battery operated handheld fans. For the classrooms equipped with electric fans, students had very limited access to this equipment. Students should ask permission or wait instruction from their teachers to operate the fans. Students who sat next to the open-able windows could open or close the windows when needed. Because the open-able windows were only located in one side of the classrooms, only very small numbers of students benefited from those facilities.
Conclusion
Based on the analysis as mentioned before, it can be concluded that the PMV model cannot explain the thermal sensation and acceptance of students in the hot condition of classrooms in Makassar. The PMV model overestimated the thermal sensation of students. Using the PMV model, only about 10% students predicted to vote in the central line (-1 to +1). With the average air temperature of 30.4 °C , most students (more than 85%) voted the central line, which meant that most students felt neutral or comfortable. The neutral temperature (T n ) of 25.5 °C resulted from the predicted mean vote (PMV) was very low in comparison to the air temperature inside the classrooms, and the neutral temperature (T n ) of actual votes, which were 30.2 °C and 29.4 °C for TSV and TCV, respectively. The use of the adaptive models to calculate the neutral temperature of students presented similar results gathered from actual votes. The closest neutral temperature of actual votes was that one predicted by Humphrey's model i.e. 29.4 °C. Therefore, the adaptive model was the best method to explain the thermal comfort of students in the elementary schools in the tropics.
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